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In Drosophila, Eiger, a tumor necrosis factor a (TNFa) superfamily ligand, induces cell death by acti-
vating the c-Jun N-terminal kinase (JNK) pathway. Here, we report that overexpression of Plenty of
SH3s (POSH) suppresses Eiger-induced cell death and produces highly deformed tissues. These
results imply that high levels of POSH protect tissues from cell death. In humans, rheumatoid arthri-
tis synovial ﬁbroblasts (RASF) are generally resistant to apoptosis. We show that POSH is expressed
at relatively high levels in RASF, and its reduction by RNAi sensitizes these cells to Fas-mediated
apoptosis. Thus, we demonstrate that POSH promotes cell survival in Drosophila and in human RASF.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction of these phenotypes are associated with ectopic activation ofPlenty of SH3s (POSH), initially isolated as a Racl-interacting
protein, consists of a RING ﬁnger domain and four SH3 domains,
and is evolutionally conserved from Drosophila to humans [1,2].
In mammals, POSH is required for cell death mediated by the
c-Jun N-terminal kinase (JNK) signaling cascade. In this cascade,
POSH serves as a scaffold in a multi-protein complex that links
activated Rac1 with downstream elements of JNK, such as the
MLKs, MKKs, and JNKs [2,3]. POSH also binds to other proteins,
such as ALIX and Hrs, and regulates virus release and endosomal
sorting [4–6].
In Drosophila, overexpression of POSH in developing imaginal
discs produces various morphological defects, such as loss of ante-
rior wing crossvein, notched wing, and disordered hair polarity [1].
Neural-speciﬁc overexpression of POSH extends the longevity of
adult ﬂies without affecting their viability or morphology [1]. Allchemical Societies. Published by E
n N-terminal kinase; Imd,
RASF, rheumatoid arthritisJNK. Loss-of-function mutations in POSH impair the immune
deﬁciency (Imd)-mediated immune system, which also involves
activation of JNK signaling [7]. In this context, upon infection with
gram-negative bacteria, POSH promotes the rapid activation and
termination of the JNK and NF-jB pathways. However, since none
of these phenotypes are apparently linked to cell death, the role of
POSH in cell death pathways remains unclear.
Eiger is a Drosophila tumor necrosis factor a (TNFa) superfamily
ligand, and its overexpression activates the JNK signaling pathway,
which leads to cell death [8,9]. We investigated the role of POSH in
Eiger-induced cell death through the genetic manipulation of
POSH. We demonstrate that overexpression of POSH suppresses
Eiger-induced cell death and results in highly deformed tissues.
Genetic interaction studies have revealed that the pro-survival
effects of POSH require activation of Akt and Relish, which is a
Drosophila homolog of NF-jB, and both of these are involved in
the Imd-mediated immune response pathway. The mammalian
TNFa signaling pathway is very similar to the Drosophila Imd
pathway [10,11]. In addition, we investigated the role of POSH in
human rheumatoid arthritis synovial ﬁbroblasts (RASF), which
are cells generally resistant to apoptosis [12]. We show that POSH
is expressed at high levels in RASF, and its reduction by POSH RNAi
sensitizes these cells to Fas-mediated apoptosis. Our resultslsevier B.V. All rights reserved.
4690 M. Tsuda et al. / FEBS Letters 584 (2010) 4689–4694suggest that the pro-survival function of POSH is conserved in Dro-
sophila and in human RASF.
2. Materials and methods
2.1. Fly stocks and regents
y w67c23 Df(1)w67c23 (y w) was used as the control strain. POSH74
[7] and UAS-POSH [1] have been described previously. UAS-Eiger [8]
was obtained from K. Basler. UAS-akt, akt1 [13] and UAS-PTEN [14]
were gifts from E. Hafen. A P{GS} insertion line, GS20403 strain was
used as UAS-relish (Aigaki et al., unpublished data). GMR-GAL4,
hs-GAL4, and relishE20 were obtained from the Bloomington
Drosophila Stock Center. Anti-Elav antibody was obtained from
the Developmental Studies Hybridoma Bank. Anti-Fas monoclonal
antibody (CH11) was purchased from MBL. A polyclonal antibody
against human POSH (M-290) and a monoclonal antibody against
b-tubulin were purchased from Santa Cruz Biotechnology. Horse-
radish peroxidase (HRP)-linked goat anti-rabbit IgG and
HRP-linked goat anti-mouse IgG were obtained from Amersham
Pharmacia Biotech.2.2. Histology
Immunostaining of imaginal discs was performed using a
mouse anti-phosphorylated JNK monoclonal antibody (Cell Sig-
naling) at a 1:500 dilution. ALEXA568-labeled goat anti-mouse
IgG (Molecular Probe) was used as the secondary antibody. Eye
discs were stained with BrdU according to the procedures de-
scribed in Drosophila protocols [15]. TUNEL staining of eye imag-
inal discs was performed as previously described [16]. For
analysis of caspase activation, eye discs were incubated with
50 lM Asp2-rhodamine 110 conjugate (D2R, Calbiochem) in PBS
for 15 min at 37 C.
2.3. Preparation of RASF
Synovial tissues were obtained from patients with rheumatoid
arthritis (RA) at the time of joint surgery. All patients satisﬁed
the 1987 revised criteria of the American College of Rheumatology
[17]. Written informed consent was obtained from each patient.
Synovial tissues were minced into small pieces, and treated with
0.1 mg/ml collagenase, 0.1 mg/ml hyaluronidase, and 0.1 mg/ml
DNase I in RPMI1640 (Sigma) for 1 h at 37 C. Dissociated cells
were passed through a metal screen, centrifuged for 5 min at
400g, and washed twice with Hanks’ balanced salt solution (Sig-
ma). The cells were maintained at 37 C in a humidiﬁed atmo-
sphere of 5% CO2 in DMEM medium (Invitrogen) supplemented
with 10% heat-inactivated (55 C for 30 min) fetal calf serum
(FCS, JRH Biosciences). The cells between passages of 4 and 10 were
used for the experiments.
2.4. RNA interference assay
Oligonucleotides selected and synthesized by Invitrogen
(Stealth RNAi) were used to generate siRNA. We used the following
three different siRNAs for POSH RNAi: 50-CCUACCAAGCUGCCC
UUGGAACUUU-30, 50-GCUAAGCAGCUGAUAGAAUGGGAUA-30, 50-
GCGGUGACAAAUGCUUCCCAAGCUA-30. Since all of these were
equally effective at reducing POSH expression, we used the ﬁrst
one listed above for the RNAi experiments. The negative control
comprised stealth RNAi negative control duplex (medium GC Du-
plex, Invitrogen), with minimal sequence homology to any known
vertebrate transcript. siRNA was transfected into RASF using Lipo-
fectamine 2000 reagents.2.5. Cell viability, apoptosis and caspase assay
The CellTiter-Glo Luminescent Cell Viability Assay was used to
determine the number of viable cells in culture based on the quan-
titation of ATP (Promega). Caspase assays were performed using
Caspase-Glo 3/7, 8 and 9 assay reagents (all from Promega). DNA
content was measured using CyQUANT Cell Proliferation Assay
Kit (Molecular Probes). DNA fragmentation was determined using
Cell Death Detection ELISA plus (Roche Diagnostics K.K.).
2.6. Western blot analysis
Cells were washed with phosphate-buffered saline, and were
lysed in RIPA buffer (1% NP-40, 0.5% deoxycholic acid, and 0.1%
SDS in phosphate-buffered saline) supplemented with a complete
protease inhibitor cocktail (Roche). Proteins were separated on
10–20% gradient SDS–polyacrylamide gels, and electrotransferred
onto PVDF membranes (Bio-Rad). Proteins were detected using
appropriate antibodies and the ECL PlusWestern blotting detection
system (Amersham Pharmacia Biotech).3. Results and discussion
3.1. Role of POSH in Eiger-induced cell death in Drosophila
Overexpression of Eiger in developing eye imaginal discs acti-
vates the JNK pathway, which leads to cell death and produces a
small eye phenotype [8,9]. To examine whether POSH is involved
in the Eiger-induced phenotype, we combined POSH74, a loss-of-
function mutation, with overexpression of Eiger. We found that
loss of POSH partially suppressed the Eiger-induced small eye phe-
notype (Fig. 1A–C), suggesting that POSH partially contributes to
Eiger-induced cell death. We examined activation of JNK signaling
by immunostaining eye imaginal discs with an anti-phosphory-
lated JNK antibody. A high level of phospho-JNK was detected in
the imaginal discs that overexpressed Eiger when compared to
wild-type (Fig. 1G and H). However, there was no obvious reduc-
tion in the level of phospho-JNK in the absence of POSH (Fig. 1I).
These results indicate that POSH is dispensable for Eiger-induced
JNK activation, although it is partially involved in cell death.
3.2. Overexpression of POSH suppresses the Eiger-induced phenotype
To explore the function of POSH, we examined whether overex-
pression of POSH affects the small eye phenotype. Overexpression
of POSH in the eye discs produces a rough eye phenotype [1]
(Fig. 1D). We found that ﬂies overexpressing POSH together with
Eiger had larger eyes than those overexpressing Eiger alone. In
addition, the eye structure was highly deformed (Figs. 1E and
2A top panels). These phenotypes were reverted with a single copy
of POSH74 that reduced the level of POSH (Fig. 1F), thus conﬁrming
that a high level of POSH is responsible for the modiﬁcation of the
Eiger-induced phenotype. Immunostaining with anti phospho-JNK
antibody revealed no obvious differences in the levels of JNK acti-
vation between the eye imaginal discs overexpressing Eiger alone
and those overexpressing both Eiger and POSH (Fig. 1H and J).
Therefore, a high level of POSH is likely to suppress Eiger-induced
cell death without affecting the level of JNK activation.
The eye phenotype of ﬂies overexpressing POSH and Eiger could
involve alteration of cell death or cell proliferation. We examined
cell death events in the developing eye imaginal discs. A large
number of TUNEL-positive cells were detected in the eye discs that
overexpressed Eiger, indicating that massive cell death was in-
duced. In contrast, very few TUNEL-positive cells were found in
those overexpressing both Eiger and POSH (Fig. 2A middle panels).
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Fig. 1. Genetic interaction between POSH and Eiger. Wild-type eye (A). Overexpression of Eiger in the developing eye (GMR > Eiger) produces a small eye phenotype (B).
POSH74, a loss-of-function mutation in POSH, partially suppresses the Eiger-induced small eye phenotype (C). Overexpression of POSH alone (GMR > POSH) produces a rough
eye phenotype (D). Co-overexpression of Eiger and POSH produces a swollen eye phenotype (E). Eiger/POSH-mediated phenotype is reverted by the reduction of POSH using
the POSH74 allele (F). Immunostaining of eye imaginal discs with anti-phosphorylated JNK antibody. Wild-type eye imaginal disc (G). Overexpression of Eiger activates JNK
(H). The same levels of phospho-JNK are detected in POSH74 (I) and in POSH-overexpressing ﬂies (J). Anterior is to the left for compound eyes and imaginal discs.
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not shown). These results demonstrate that overexpression of
POSH suppresses Eiger-induced cell death.
Eiger activates both caspase-dependent and caspase-indepen-
dent signaling pathways [9]. To examine whether overexpression
of POSH inhibits Eiger-induced caspase activation, we stained eye
discs with D2R, a caspase substrate containing rhodamine-110
linked to two aspartate residues, which ﬂuoresces upon cleavage
by caspases. Very few D2R signal-positive cells were detected in
the eye discs that overexpressed both Eiger and POSH compared
to those expressing Eiger alone (Fig. 2A bottom panels). These re-
sults indicate that the pro-survival effects of POSH involve inhibi-
tion of caspase activation.
To examine whether POSH affects cell proliferation patterns, we
performed BrdU incorporation and stained the cells with an anti-
BrdU antibody to visualize S-phase in the imaginal discs. We found
no obvious increase in the number of cells incorporating BrdU in
the developing eye discs that co-expressed Eiger and POSH
(Fig. 2B upper panels), suggesting that the overexpression of POSH
and Eiger does not induce extra cell proliferation.
Overexpression of Eiger and POSH could affect cell differentia-
tion. We stained the eye discs with the neuronal-speciﬁc anti-Elav
antibody to visualize the assembly of neuronal clusters (Fig. 2B
lower panels). Ommatidial development is progressive with a gra-
dient of increasing maturity from the morphogenetic furrow (MF)towards the posterior end of the eye disc. Just behind the MF, the
Elav-staining pattern was comparable to that of wild-type, sug-
gesting no obvious abnormality in neural differentiation or in the
initial process of ommatidial cluster formation. However, as the
clusters matured, Elav-positive cells appeared to lose cell polarity,
forming clusters with irregular shape, and the number of Elav-neg-
ative cells increased. These results indicate that co-overexpression
of Eiger and POSH disrupts normal development of eye imaginal
discs.
3.3. Pro-survival effects of POSH requires Akt/PI3K and NF-jB
signaling
Biochemical experiments in mammalian cells in culture have
demonstrated that Akt2 binds to POSH and interferes with the
assembly of the JNK signaling complex [18].
In Drosophila, ectopic expression of a membrane bound version
of Akt in the eye imaginal discs increases the size of compound
eyes [19] (Supplementary Fig. 1A and B). In contrast, overexpres-
sion of PTEN, a negative regulator of PI3K reduces the size of the
eye (Supplementary Fig. 1C). Therefore, we examined whether
Akt is involved in the POSH-mediated phenotype. We found that
eye size was clearly reduced by the presence of a single copy of
akt1, a loss-of-function mutation of Akt, or by co-overexpression
of PTEN (Fig. 3A–C). On the other hand, when wild-type akt was
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Fig. 2. Overexpression of POSH inhibits Eiger-induced cell death. Scanning electron
micrographs of wild-type, GMR > Eiger, and GMR > Eiger & POSH eyes (A, top panels).
POSH overexpression blocks Eiger-induced apoptosis, visualized with TUNEL
staining (A, middle panels), and caspase activation visualized with D2R (A, bottom
panels). White and yellow arrows indicate TUNEL- and D2R-positive cells, respec-
tively. S-phase cells were visualized by BrdU incorporation followed by anti-BrdU
antibody staining (B, upper panels). No ectopic signal was detected in the region
behind the morphogenetic furrow (MF), where Eiger and POSH were both
overexpressed. To visualize ommatidial clusters and differentiation of photorecep-
tors, the eye discs were double-stained with anti-Elav antibody (green) and
rhodamine-phalloidin (magenta) (B, lower panels). In GMR > Eiger & POSH discs,
Elav-positive cells appeared to lose cell polarity, forming ommatidial clusters with
irregular shape, and the number of Elav-negative cells increased.
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Fig. 3. Genetic manipulation of Akt/PI3K and NF-jB modiﬁes the POSH-mediated
phenotype. Eiger/POSH-mediated phenotype is suppressed by either a loss-of-
function mutation in akt or by co-overexpression of PTEN (A–C), but is enhanced by
co-overexpression of wild-type akt (D). A loss-of-function mutation in relish
suppresses POSH-mediated cell survival (E), whereas overexpression of relish
enhances the phenotype (F).
4692 M. Tsuda et al. / FEBS Letters 584 (2010) 4689–4694co-overexpressed, eye size increased (Fig. 3D). This indicates that
the POSH-mediated cell survival phenotype requires At/PI3K
signals.
Overexpression of POSH has been shown to activate the NF-jB
pathway in mammalian cells [2]. We examined whether Relish, a
Drosophila homolog of NF-jB affects the pro-survival function of
POSH in Drosophila. A single copy of relishE20, which is a loss-of-
function mutation in relish resulted in reduced eye size (Fig. 3E).Overexpression of relish alone did not change the size of the com-
pound eyes (Supplementary Fig. 1D). However, when wild-type
relish was overexpressed together with Eiger and POSH, very large
eyes resulted (Fig. 3F). These ﬁndings indicate that Relish/NF-jB
is also required for POSH-mediated cell survival.
Genetic manipulation of Akt/PI3K or NF-jB signals, in the
absence of POSH overexpression, had different effects on the Ei-
ger-induced small eye phenotype: overexpression of wild-type
akt or NF-jB did not increase eye size (Supplementary Fig. 1E, F,
and H); overexpression of PTEN further reduced the eye size
(Supplementary Fig. 1G); and eye size was reduced by a single copy
of akf or relE10 (Supplementary Fig. 1I and J). These results indicate
that a high level of POSH is essential for promoting cell survival in
the presence of the Eiger signal.
3.4. Pro-survival function of POSH in human RASF
It is intriguing to know whether the pro-survival function of
POSH against cell death signals is conserved in mammals. In this
regard, human RASF are of particular interest because of their gen-
eral resistance to apoptotic stimuli [12]. To explore the role of
POSH in RASF cells, we analyzed the expression levels of POSH in
four independent RASF lines, together with HEK293 (human
embryonic kidney cell line), WI-38 (human embryonic lung-de-
rived ﬁbroblast), and various human tissues as well as in fraction-
ated blood cells for comparison (Supplementary Fig. 2). POSH
expression level was variable: relatively high in three RASF lines
(RASF-1, 2 and 3) and WI-38, but low in HEK293 and in most of
the tissues and blood cells examined. Therefore, an increased level
of POSH expression is not restricted to RASF.
Previous reports show that RASF have high proliferative rates,
lose contact inhibition, and constitutively express cytokines
[20,21]. To examine whether POSH has any role in the proliferation
of RASF, we performed RNAi-mediated knockdown of POSH
expression in four RASF lines (Fig. 4 and Supplementary Figs. 3–5).
POSH mRNA and protein levels at 72 h after siRNA transfection
were reduced by 90% and approximately 60% compared to
those of untreated or treated with control siRNA (Fig. 4A and
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Fig. 4. Effects of POSH RNAi on RASF viability and sensitivity to Fas-mediated apoptosis. Reduction of POSHmRNA expression by RNAi (A). RASF-1 cells were transfected with
20 nM POSH RNAi or control RNAi. Cells were harvested at 72 h after transfection, and used for quantitative RT-PCR to determine POSHmRNA levels. Expression levels of POSH
were normalized against that of GAPDH in the same cDNA sample. Values are expressed as the means ± S.D. of quadruplicate experiments. Effects of POSH RNAi on: cell
viability based on ATP content (B), DNA content (C), apoptosis (D), sensitivity to Fas-mediated apoptosis (E), caspase-9 (F), caspase-3/7 (G), and caspase-8 (H) activities were
determined. ATP content was measured at 0, 2, and 4 days after transfection, and relative viability (%) of siRNA-transfected cells was calculated against the data of untreated
cells (B). DNA content was determined at 0, 2 and 4 days after siRNA transfection, and expressed as relative values calculated against the data at day 0 (C). The extent of
apoptosis was measured by DNA fragmentation (D). Sensitivity to Fas-mediated apoptosis was measured by cell viability after treatment with the anti-Fas antibody CH11 (E).
At 72 h after transfection with siRNA, RASF cells were incubated with the antibody for 18 h. Cell viability (%) at 18 h after the antibody treatment was calculated against the
data at 0 h. Relative activities of the caspases were calculated against the data of untreated RASF (F–H). Values are expressed as the means ± S.D. of triplicate experiments.
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with two other different siRNA sequences against POSH (data not
shown). POSH RNAi inhibited cell proliferation in all of the four
RASF lines as indicated by reduced cell viabilities (Fig. 4B and Sup-
plementary Fig. 4 top panels) and DNA contents (Fig. 4C and Sup-
plementary Fig. 4 middle panels). Quantiﬁcation of DNA
fragmentation revealed that POSH RNAi caused a 4- to 8-fold great-
er extent of apoptosis than control RNAi (Fig. 4D and Supplemen-
tary Fig. 4 bottom panels). These results suggest that POSH
contributes to cell proliferation and survival of RASF.Since RASF are resistant to apoptotic stimuli [22,23], we inves-
tigated whether POSH RNAi affects their sensitivity to Fas-medi-
ated apoptosis by using the anti-Fas antibody CH11. We found
that apoptosis was induced in all of the four RASF lines transfected
with POSH siRNA in a dose-dependent manner, although the ex-
tent of apoptosis was variable among the lines: 60%, 50%, 20%,
and 20% for RASF-1, 2, 3, and 4, respectively (Fig. 4E and Supple-
mentary Fig. 5). These results suggest that POSH contributes to
the resistance to Fas-mediated apoptosis in RASF. Measurement
of caspase activities revealed that POSH RNAi dramatically
4694 M. Tsuda et al. / FEBS Letters 584 (2010) 4689–4694increased caspase-9 and caspase-3/7 activities (Fig. 4F and G).
However, caspase-8 was active even in untreated RASF and was
not signiﬁcantly affected by POSH RNAi (Fig. 4H). These results
suggest that POSH negatively regulates caspase-9 and 3/7 in RASF.
Furthermore, overexpression of POSH increases NF-jB activity,
especially when RASF-1 cells are treated with TNFa (Supplemen-
tary Fig. 6). Inhibition of NF-jB activity has been shown to abolish
Fas-resistance in a leukemia cell line [24], and suppression of NF-
jB activation of rat synovial ﬁbroblasts potentiates TNFa- or Fas li-
gand-induced cytotoxicity, and administration of an NF-jB decoy
inhibits the recurrence of arthritis in a rat arthritis model [25].
Thus, relative high levels of POSH in RASF may lead to the activa-
tion of NF-jB, which in turn confers resistance against apoptosis.
In this study, we showed that the POSH-mediated pro-survival
function in Drosophila requires Akt/PI3K and NF-jB signaling. In
human RASF, Akt has been shown to inhibit TNFa-mediated apop-
tosis [26]. The present study demonstrates that overexpression of
POSH in RASF enhances NF-jB activity, especially in the presence
of TNFa. Therefore, the pro-survival function of POSH is likely to
be conserved in Drosophila and in human RASF. On the other hand,
POSH could function pro-apoptotically. It has been reported that
overexpression of POSH stimulates caspase-9-dependent apoptosis
in Drosophila [27]. Therefore, the role of POSH is variable depend-
ing on the context. Further analysis of the functions of POSH should
reveal the molecular mechanisms that promote cell death or sur-
vival more speciﬁcally, and may provide information that identiﬁes
potential therapeutic targets for inﬂammation-associated diseases.
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